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The B0–B0 and B0s –B
0
s production asymmetries, AP(B
0) and AP(B0s ), are measured by means of a time-
dependent analysis of B0 → J/ψK ∗0, B0 → D−π+ and B0s → D−s π+ decays, using a data sample 
corresponding to an integrated luminosity of 1.0 fb−1, collected by LHCb in pp collisions at a centre-
of-mass energy of 7 TeV. The measurements are performed as a function of transverse momentum and 
pseudorapidity of the B0 and B0s mesons within the LHCb acceptance. The production asymmetries, 
integrated over pT and η in the range 4 < pT < 30 GeV/c and 2.5 < η < 4.5, are determined to be 
AP(B0) = (−0.35 ± 0.76 ± 0.28)% and AP(B0s ) = (1.09 ± 2.61 ± 0.66)%, where the ﬁrst uncertainties are 
statistical and the second systematic.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
The production rates of b and b¯ hadrons in pp collisions are not 
expected to be identical. This phenomenon, commonly referred to 
as the production asymmetry, is related to the fact that there can 
be coalescence between a perturbatively produced b or b¯ quark 
and the u and d valence quarks in the beam remnant. Therefore, 
one can expect a slight excess in the production of B+ and B0
mesons with respect to B− and B0 mesons, and e.g. of Λ0b baryons 
with respect to Λ0b baryons. As b and b¯ quarks are almost en-
tirely produced in pairs via strong interactions, the existence of B+
and B0 production asymmetries must be compensated by opposite 
production asymmetries for other B-meson and b-baryon species. 
These asymmetries are roughly estimated to be at the 1% level for 
pp collisions at LHC energies, and are expected to be enhanced 
at forward rapidities and small transverse momenta. Other sub-
tle effects of quantum chromodynamics, beyond the coalescence 
between beauty quarks and light valence quarks, may also con-
tribute [1–3].
The production asymmetry is one of the key ingredients to per-
form measurements of CP violation in b-hadron decays at the LHC, 
since CP asymmetries must be disentangled from other sources. 
The production asymmetry for B0 and B0s mesons is deﬁned as
AP
(
B0(s)
)≡ σ(B
0
(s)) − σ(B0(s))
σ (B0(s)) + σ(B0(s))
, (1)
where σ denotes the production cross-section. Similar asymme-
tries are also expected when producing charmed hadrons. LHCb 
has already performed measurements of D+ − D− and D+s − D−s
production asymmetries, ﬁnding values around the 1% level or 
less [4,5].
In this paper, the values of AP(B0) and AP(B0s ) are constrained 
by measuring the oscillations of B0 and B0s mesons with a time-
dependent analysis of the B0 → J/ψ(μ+μ−)K ∗0(K+π−), B0 →
D−(K+π−π−)π+ and B0s → D−s (K+K−π−)π+ decay rates, with-
out tagging the initial ﬂavour of the decaying B0(s) meson. The 
inclusion of charge-conjugate decay modes is implied throughout. 
The measurements are performed as a function of transverse mo-
mentum, pT, and pseudorapidity, η, of the B0(s) meson within the 
LHCb acceptance, and then integrated over the range 4 < pT <
30 GeV/c and 2.5 < η < 4.5.
2. Detector, trigger and simulation
The LHCb detector [6] is a single-arm forward spectrometer 
covering the pseudorapidity range 2 < η < 5, designed for the 
study of particles containing b or c quarks. The detector includes 
a high-precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area 
silicon-strip detector located upstream of a dipole magnet with a 
bending power of about 4 Tm, and three stations of silicon-strip 
detectors and straw drift tubes placed downstream of the mag-
net. The tracking system provides a measurement of momentum 
with a relative uncertainty that varies from 0.4% at low momen-
tum to 0.6% at 100 GeV/c. The minimum distance of a track to 
a primary vertex (PV), the impact parameter, is measured with 
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a resolution of (15 + 29/pT) μm, where pT is in GeV/c. Differ-
ent types of charged hadrons are distinguished using information 
from two ring-imaging Cherenkov detectors. Photon, electron and 
hadron candidates are identiﬁed by a calorimeter system consisting 
of scintillating-pad and preshower detectors, an electromagnetic 
calorimeter and a hadronic calorimeter. Muons are identiﬁed by a 
system composed of alternating layers of iron and multiwire pro-
portional chambers. The trigger consists of a hardware stage, based 
on information from the calorimeter and muon systems, followed 
by a software stage, which applies a full event reconstruction.
In the case of the B0 → J/ψK ∗0 decay, events are ﬁrst se-
lected by a hardware trigger that requires muon candidates with 
pT > 1.48 GeV/c. The subsequent software trigger is composed of 
two stages. The ﬁrst stage performs a partial event reconstruc-
tion and requires events to have two well identiﬁed oppositely 
charged muons, with invariant mass larger than 2.7 GeV/c2. The 
second stage performs a full event reconstruction and only retains 
events containing a μ+μ− pair that has invariant mass within 
120 MeV/c2 of the known J/ψ mass [7] and forms a vertex that 
is signiﬁcantly displaced from the nearest PV.
In the case of B0 → D−π+ and B0s → D−s π+ decays, events 
are ﬁrst selected by a hardware trigger requiring a high trans-
verse energy cluster in the calorimeter system. Events passing the 
hardware trigger are further ﬁltered by a software trigger which 
requires a two-, three- or four-track secondary vertex with a large 
sum of pT of the tracks and a signiﬁcant displacement from the 
PVs. Subsequently, a multivariate algorithm [8] is applied, aimed 
at identifying secondary vertices, consistent with the decay of a b
hadron.
Simulated events are used to determine the signal selection 
eﬃciency, acceptance as function of decay time, decay time res-
olution, and to model the background. In the simulation, pp col-
lisions are generated using Pythia 6.4 [9] with a speciﬁc LHCb
conﬁguration [10]. The interaction of the generated particles with 
the detector, and its response, are implemented using the Geant4
toolkit [11] as described in Ref. [12].
3. Data set and selection
The selection of B0 → J/ψK ∗0 candidates is based on the re-
construction of J/ψ → μ+μ− and K ∗0 → K+π− decays. The J/ψ
candidates are formed from two oppositely charged tracks, iden-
tiﬁed as muons, having pT > 500 MeV/c and originating from a 
common vertex. The invariant mass of this pair of muons must lie 
in the range 3030–3150 MeV/c2. The K ∗0 candidates are formed 
from two oppositely charged tracks, one identiﬁed as a kaon and 
the other as a pion, originating from a common vertex. It is re-
quired that the K ∗0 candidate has pT > 1 GeV/c and that the 
invariant mass lies in the range 826–966 MeV/c2.
The B0 candidates are reconstructed from the J/ψ and K ∗0
candidates, with the invariant mass of the μ+μ− pair constrained 
to the known J/ψ mass. They are required to have an invariant 
mass in the range 5150–5400 MeV/c2. The decay time of the B0
candidate is calculated from a vertex and kinematic ﬁt that con-
strains the candidate to originate from its associated PV [13]. The 
χ2 per degree of freedom of the ﬁt is required to be less than 10. 
Only B0 candidates with a decay time greater than 0.2 ps are re-
tained. This lower bound on the decay time rejects a large fraction 
of the prompt combinatorial background.
In the case of B0 → D−π+ and B0s → D−s π+ decays, the se-
lection of the B-meson candidate is based on the reconstruction 
of D− → K+π−π− and D−s → K+K−π− decays, respectively. Re-
quirements are made on the D−(s) decay products before combin-
ing them to form a common vertex. The scalar pT sum of the 
tracks must exceed 1.8 GeV/c and the maximal distance of clos-
est approach between all possible pairs of tracks must be less 
than 0.5 mm. The D−
(s) candidate is required to have a signiﬁ-
cant ﬂight distance with respect to the associated PV, by requiring 
a χ2 greater than 36 compared to the zero distance hypothe-
sis. The masses of the D− and D−s candidates must lie within 
1850–1890 MeV/c2 and 1949–1989 MeV/c2, respectively. They are 
subsequently combined with a fourth particle, the bachelor pion, 
to form the B-meson decay vertices. The sum of the D−(s) and bach-
elor pion pT values must be larger than 5 GeV/c and the decay 
time of B-meson candidates must be greater than 0.2 ps. The co-
sine of the angle between the B-meson candidate momentum vec-
tor and the line segment between the PV and B-meson candidate 
vertex is required to be larger than 0.999. Particle identiﬁcation 
(PID) selection criteria are applied to the kaons and pions from 
the D−(s) candidate, and to the bachelor pion, in order to reduce 
the background from other B-meson decays with a misidentiﬁed 
kaon or pion and from Λ0b decays with a misidentiﬁed proton to a 
negligible level.
A ﬁnal selection is applied to the candidates that satisfy the cri-
teria described above. It uses a multivariate analysis method [14,
15], optimized separately for each of the three decay modes, to 
reject the combinatorial background. The variables used in the se-
lection for the B decay products are the transverse momentum 
and the impact parameter. For the B candidates the variables em-
ployed are the transverse momentum, the distance of ﬂight and 
the impact parameter.
4. Fit model
For each signal and background component, the distributions of 
invariant mass and decay time of B-meson candidates are mod-
elled by appropriate probability density functions (PDFs). We con-
sider two categories of background: the combinatorial background, 
due to the random association of tracks, and the partially recon-
structed background, due to decays with a topology similar to that 
of the signal, but with one or more particles not reconstructed. The 
latter is present only for B0(s) → D−(s)π+ decays.
4.1. Mass model
The signal component for each decay is modelled convolving a 
double Gaussian function with a function parameterizing the ﬁnal 
state radiation. The PDF of the B invariant mass, m, is given by
g(m) = A[Θ(μ −m)(μ −m)]s ⊗ G(m), (2)
where A is a normalization factor, Θ is the Heaviside function, 
G is the sum of two Gaussian functions with different widths 
and zero mean, and μ is the B meson mass. The parameter 
s  −0.99 governs the amount of ﬁnal state radiation, and is 
determined using simulated events for each of the three decay 
modes. The combinatorial background is modelled by an exponen-
tial function for all ﬁnal states. In the case of B0 → D−π+ and 
B0s → D−s π+ decays, a background component due to partially re-
constructed B0 and B0s decays is also present in the low invariant 
mass region. The main contributions are expected to come from 
decays with a missing γ or π0: B0 → D∗−(D−γ , D−π0)π+ de-
cays with D− → K+π−π−; B0 → D−(K+π−π−)ρ+(π+π0) de-
cays; B0s → D∗−s (D−s γ , D−s π0)π+ decays with D−s → K+K−π−; 
B0s → D−s (K+K−π−)ρ+(π+π0) decays.
We parameterize the partially reconstructed components by 
means of a kernel estimation technique [16] based on invariant 
mass distributions obtained from full simulation, using the same 
selection as for data. In the case of B0s → D−s π+ decays, there 
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is also a background component due to B0 → D+s π− decays. We 
account for this component in the ﬁts using the same parameteri-
zation adopted for the signal. The B0 → D+s π− yield is ﬁxed using 
the ratio between hadronization fractions measured by LHCb [17,
18] and the world average of branching fractions [7].
4.2. Decay time model
The time-dependent decay rate of a neutral B0(s) or B
0
(s) meson 
to a ﬂavour-speciﬁc f or f¯ ﬁnal state is given by the PDF
h(t,ψ) = K (1− ψ ACP)(1− ψ A f )
×
{
e−Γ t
[
Λ+ cosh
(
Γ t
2
)
+ ψΛ− cos(mt)
]}
⊗ R(t)(t), (3)
where K is a normalization factor, (t) is the acceptance as a func-
tion of the decay time, R(t) is the decay time resolution function, 
m ≡mH −mL and Γ ≡ ΓL − ΓH are the mass and decay-width 
differences of the B0(s) − B0(s) system mass eigenstates and Γ is the 
average decay width. The subscripts H and L denote the heavy and 
light eigenstates, respectively. The two observables are the decay 
time t and the tag of the ﬁnal state ψ , which assumes the values 
ψ = 1 if the ﬁnal state is f and ψ = −1 if the ﬁnal state is the CP
conjugate f¯ . The terms Λ+ and Λ− are deﬁned as
Λ± ≡ (1− AP)
∣∣∣∣ qp
∣∣∣∣
1−ψ
± (1+ AP)
∣∣∣∣ qp
∣∣∣∣
−1−ψ
, (4)
where p and q are complex parameters entering the deﬁnition of 
the two mass eigenstates of the effective Hamiltonian in the B0(s)
system, p|B0(s)〉 ± q|B0(s)〉. The symbol AP denotes the production 
asymmetry of the given B meson, and A f is the detection asym-
metry of the ﬁnal state, deﬁned in terms of the f and f¯ detection 
eﬃciencies as
A f ≡
 f¯ −  f
 f¯ +  f
. (5)
The direct CP asymmetry ACP is deﬁned as
ACP ≡
B(B0(s) → f¯ ) − B(B0(s) → f )
B(B0(s) → f¯ ) + B(B0(s) → f )
. (6)
Trigger and event selections lead to distortions in the shapes 
of the decay time distributions. The signal decay time acceptances 
are determined from simulated events. For each simulated decay 
we apply trigger and selection algorithms as in real data.
Concerning the combinatorial and the partially reconstructed 
backgrounds, empirical parameterizations of the decay time spec-
tra are determined by studying the low and high invariant mass 
sidebands from data. Partially reconstructed backgrounds are only 
present in the case of B0 → D−π+ and B0s → D−s π+ decays. In the 
case of B0s → D−s π+ decays, the additional background component 
due to B0 → D+s π− decays is modelled using the same functional 
form as that of the B0s → D−s π+ signal, and the value of the pro-
duction asymmetry is ﬁxed to that obtained from the B0 → D−π+
ﬁt.
4.3. Decay time resolution
The strategy adopted to study the decay time resolution of the 
detector consists of reconstructing the decay time of fake B candi-
dates formed from a D− decaying to K+π−π− and a pion track, 
Table 1
Values of the various physical inputs used in the ﬁts.
Parameter Value Reference
md [ps−1] 0.510± 0.004 [7]
ms [ps−1] 17.768± 0.024 [19]
Γd [ps−1] 0.6583± 0.0030 [7]
Γs [ps−1] 0.6596± 0.0046 [7]
Γs [ps−1] 0.081± 0.011 [7]
|q/p|B0 0.9997± 0.0013 [20]
|q/p|B0s 1.0003± 0.0030 [21]
both coming from the same PV. The bachelor pion must be se-
lected without introducing biases on the decay time, hence only 
requirements on momentum and transverse momentum are ap-
plied, avoiding the use of impact parameter variables. The decay 
time distribution of these fake B candidates yields an estimate of 
the decay time resolution of a real decay. In order to validate the 
method, simulated events are used for both signals and fake B de-
cays. The resolution is found to be overestimated by about 4 fs. 
This difference is taken into account as a systematic effect. The 
simulation also indicates that a dependence of the resolution on 
the decay time must be considered. Taking this into account, an 
average decay time resolution of 49 ± 8 fs is estimated. A reso-
lution model, R(t), consisting of a triple Gaussian function with 
zero mean and three different widths, characterized by an aver-
age width of 49 fs, is used. The uncertainty of 8 fs on the average 
width is taken into account as a systematic uncertainty. It is esti-
mated from simulation that the measurement of the decay time is 
biased by no more than 2 fs, and the effect is accounted for as a 
systematic uncertainty.
5. Determination of the production asymmetries
The production asymmetry for each of the three decay modes 
is determined by means of a simultaneous ﬁt to the invariant mass 
and decay time spectra. To account for the dependence of the pro-
duction asymmetries on the kinematics of the B0 and B0s mesons, 
each data sample must be divided into bins of (pT, η), performing 
the same ﬁt for each bin.
In order to validate the ﬁt model, a series of ﬁts to the distri-
butions of events obtained from fast simulations is used to verify 
the accuracy of the central values and the reliability of the uncer-
tainties. No evidence of biases on central values nor of uncertainty 
misestimations is found. Furthermore, a global ﬁt to the total sam-
ple of selected events is performed for each of the three decay 
modes. The mass differences md and ms , the mixing parame-
ters |q/p|B0 and |q/p|B0s , the average decay widths Γd and Γs , and 
the width difference Γs are ﬁxed to the central values of the 
measurements reported in Table 1. The width difference Γd is 
ﬁxed to zero.
According to Eq. (3), for small values of ACP and A f , to ﬁrst 
order the decay rate is only sensitive to the sum of these two 
quantities. For this reason, we ﬁx ACP to zero and leave A f as a 
free parameter in the ﬁts. It is empirically veriﬁed that the choice 
of different ACP values, up to the few percent level, leads to negli-
gible variations of AP, as expected.
Fig. 1 shows the J/ψK+π− , K+π−π−π+ and K+K−π−π+
invariant mass and decay time distributions, with the results of the 
global ﬁts overlaid. Fig. 2 shows the raw asymmetries, deﬁned as 
the ratios between the difference and the sum of the overall decay 
time distributions, as a function of decay time for candidates in 
the signal mass region. The signal yields, AP values and detection 
asymmetries obtained from the global ﬁts are reported in Table 2. 
The AP values obtained from the global ﬁts are not well deﬁned 
physical quantities, because eﬃciency corrections as a function of 
LHCb Collaboration / Physics Letters B 739 (2014) 218–228 221Fig. 1. Distributions of (left) invariant mass and (right) decay time for (top) B0 → J/ψK ∗0, (middle) B0 → D−π+ and (bottom) B0s → D−s π+ decays, with the results of the 
ﬁt overlaid. The contributions of the various background sources are also shown.
Fig. 2. Time-dependent raw asymmetries for candidates in the (a) B0 → J/ψK ∗0, (b) B0 → D−π+ and (c) B0s → D−s π+ signal mass regions with the results of the global 
ﬁts overlaid. In (c) the asymmetry is obtained by folding the B0s and B
0
s decay time distributions into one oscillation period, and the offset t0 = 0.2 ps corresponds to the 
selection requirement on the decay time.
222 LHCb Collaboration / Physics Letters B 739 (2014) 218–228Fig. 3. Distributions of pT and η, where the background components are subtracted using the sPlot technique [22], for (a) B0 → J/ψK ∗0, (b) B0 → D−π+ and (c) B0s → D−s π+
decays. The deﬁnition of the various kinematic bins is superimposed.Table 2
Values of signal yields, AP, A f and of the correlations ρ(AP, A f ) obtained from 
global ﬁts. The smaller value of the correlation in the B0s case is due to the much 
larger mixing frequency of B0s mesons.
Parameter B0 → J/ψK ∗0 B0 → D−π+ B0s → D−s π+
Nsig 93627± 360 76682± 308 16887± 174
AP −0.0116± 0.0063 −0.0058± 0.0070 −0.0032± 0.0166
A f −0.0086± 0.0046 −0.0151± 0.0049 −0.0110± 0.0086
ρ(AP, A f ) −0.65 −0.64 −0.01
pT and η need to be applied. They are reported here for illustrative 
purposes only.
Fig. 3 shows the two-dimensional distributions of (pT, η) for 
B0 → J/ψK ∗0, B0 → D−π+ and B0s → D−s π+ decays. The back-
ground components are subtracted using the sPlot technique [22]
and the chosen deﬁnition of the various kinematic bins is overlaid. 
For the two B0 decays we use a common set of bins, as reported 
in Table 3, in order to allow a simple combination of the two in-
dependent AP measurements. In the case of the B0 → J/ψK ∗0, 
two additional bins at small pT and large η are also deﬁned. An 
accurate knowledge of the decay time resolution is important for 
B0s → D−s π+ decay, due to the fast oscillation of the B0s meson. 
For this reason we determine the decay time resolution using the 
method previously described, applied to events belonging to each 
(pT, η) bin, where a double Gaussian function with zero mean and 
values of the widths depending on the given bin is used.
6. Systematic uncertainties
Several sources of systematic uncertainty that affect the deter-
mination of the production asymmetries are considered. For the in-
variant mass model, the effects of the uncertainty on the shapes of 
all components (signals, combinatorial and partially reconstructed 
backgrounds) are investigated. For the decay time model, system-
atic effects related to the decay time resolution and acceptance 
are studied. The effects of the uncertainties on the external inputs 
used in the ﬁts, reported in Table 1, are evaluated by repeating the 
ﬁts with each parameter varied by ±1σ . Alternative parameteriza-Table 3
Combined values of AP(B0) from B0 → J/ψK ∗0 and B0 → D−π+ decays, corresponding to the various kinematic bins. The ﬁrst uncertainties are statistical and the second 
systematic. For completeness, the values obtained either from B0 → J/ψK ∗0 or B0 → D−π+ decays are also reported in the last two columns, with statistical uncertainties 
only. The values of the last two bins are obtained from B0 → J/ψK ∗0 decays alone.
pT (GeV/c) η AP(B0) AP(B0 → J/ψK ∗0) AP(B0 → D−π+)
(1.0,4.0) (4.5,5.2) 0.0016± 0.0253± 0.0016 0.0037± 0.0260 −0.0331± 0.1044
(1.0,4.0) (3.7,4.5) −0.0158± 0.0162± 0.0015 −0.0161± 0.0170 −0.0130± 0.0519
(2.0,4.0) (3.0,3.7) 0.0055± 0.0254± 0.0016 0.0078± 0.0271 −0.0114± 0.0738
(4.0,12.0) (4.5,4.7) 0.0160± 0.0736± 0.0067 −0.0489± 0.0840 0.2353± 0.1529
(4.0,7.0) (3.7,4.5) −0.0189± 0.0158± 0.0032 −0.0221± 0.0184 −0.0099± 0.0310
(4.0,7.0) (3.0,3.7) −0.0311± 0.0132± 0.0014 −0.0342± 0.0160 −0.0245± 0.0232
(4.0,7.0) (2.5,3.0) 0.0556± 0.0254± 0.0020 0.0703± 0.0324 0.0321± 0.0408
(7.0,12.0) (3.7,4.5) −0.0145± 0.0205± 0.0027 −0.0364± 0.0269 0.0161± 0.0316
(7.0,12.0) (3.0,3.7) −0.0142± 0.0111± 0.0015 −0.0067± 0.0173 −0.0196± 0.0146
(7.0,12.0) (2.5,3.0) −0.0236± 0.0138± 0.0014 −0.0341± 0.0228 −0.0175± 0.0173
(7.0,12.0) (2.2,2.5) −0.0190± 0.0348± 0.0034 −0.0397± 0.0623 −0.0096± 0.0420
(12.0,30.0) (3.7,4.5) −0.0550± 0.0473± 0.0020 −0.0195± 0.0649 −0.0951± 0.0690
(12.0,30.0) (3.0,3.7) 0.0067± 0.0180± 0.0021 −0.0193± 0.0311 0.0199± 0.0220
(12.0,30.0) (2.5,3.0) 0.0177± 0.0162± 0.0023 0.0295± 0.0314 0.0134± 0.0190
(12.0,30.0) (2.0,2.5) −0.0018± 0.0236± 0.0020 0.0031± 0.0485 −0.0033± 0.0270
(0.2,1.0) (4.5,6.0) −0.0391± 0.0501± 0.0016 −0.0391± 0.0501 –
(1.0,2.2) (5.2,6.0) 0.0523± 0.0684± 0.0025 0.0523± 0.0684 –
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tions of the background components are also considered. To esti-
mate the contribution of each single source, we repeat the ﬁt for 
each (pT, η) bin after having modiﬁed the baseline ﬁt model. The 
shifts from the relevant baseline values are taken as the systematic 
uncertainties. To estimate a systematic uncertainty related to the 
parameterization of ﬁnal state radiation effects on the signal mass 
distributions, the parameter s of Eq. (2) is varied by ±1σ of the 
corresponding value obtained from ﬁts to simulated events. A sys-
tematic uncertainty related to the invariant mass resolution model 
is estimated by repeating the ﬁt using a single Gaussian function. 
The systematic uncertainty related to the parameterization of the 
mass shape for the combinatorial background is investigated by 
replacing the exponential function with a straight line. Concern-
ing the partially reconstructed background, we assess a systematic 
uncertainty by repeating the ﬁts while excluding the low mass 
sideband, i.e. applying the requirements m > 5.20 GeV/c2 for the 
B0 → D−π+ decays and m > 5.33 GeV/c2 for B0s → D−s π+ de-
cays. To estimate the uncertainty related to the parameterization 
of signal decay time acceptances, different acceptance functions 
are considered. Effects of inaccuracies in the knowledge of the de-
cay time resolution are estimated by rescaling the widths of the 
baseline model to obtain an average resolution width differing by 
±8 fs. Simulation studies also indicate that there is a small bias 
in the reconstructed decay time. The impact of such a bias is as-
sessed by introducing a corresponding bias of ±2 fs in the decay 
time resolution model.
The determination of the systematic uncertainties related to the 
|q/p| input value needs a special treatment, as AP is correlated 
with |q/p|. For this reason, any variation of |q/p| turns into the 
same shift of AP in each of the kinematic bins. Such a correla-
tion is taken into account when averaging AP(B0) measurements 
from B0 → J/ψK ∗0 and B0 → D−π+ decays, or when integrating 
over pT and η. The values of the systematic uncertainties related 
to the knowledge of |q/p| are 0.0013 in the case of AP(B0) and 
0.0030 in the case of AP(B0s ). The dominant systematic uncertain-
ties for the B0 → J/ψK ∗0 decay are related to the signal mass 
shape and to |q/p|. For the B0 → D−π+ decay, the most relevant 
systematic uncertainties are related to the signal mass shape and 
to the partially reconstructed background. Systematic uncertainties 
associated with the decay time resolution and ms are the main 
sources for the B0s → D−s π+ decay.
7. Results
The values of AP(B0) are determined independently for
B0 → J/ψK ∗0 and B0 → D−π+ decays in each kinematic bin and 
then averaged. Table 3 reports the ﬁnal results. The overall bin-
by-bin agreement between the two sets of independent AP(B0)
measurements is evaluated by means of a χ2 test, with a χ2 = 7
for 14 degrees of freedom. The values of AP(B0s ) determined from 
the B0s → D−s π+ ﬁts are reported in Table 4.
The integration over pT and η of the bin-by-bin AP values is 
performed within the ranges 4 < pT < 30 GeV/c and 2.5 < η < 4.5. 
The integrated value of AP is given by
AP =
∑
i
Ni
εi
AP,i∑
i
Ni
εi
, (7)
where the index i runs over the bins, Ni is the number of signal 
events and εi is the eﬃciency, deﬁned as the number of selected 
events divided by the number of produced events in the i-th bin. 
The signal yield in each bin can be expressed as
Ni = L · σbb¯ · 2 · fd(s) · B · f i · εi, (8)
Table 4
Values of AP(B0s ) from B
0
s → D−s π+ decays, corresponding to the various kinematic 
bins. The ﬁrst uncertainties are statistical and the second systematic.
pT (GeV/c) η AP(B0s )
(2,4) (3.0,5.0) −0.1475± 0.0895± 0.0192
(4,8) (3.5,4.5) −0.0471± 0.0513± 0.0112
(4,8) (2.5,3.5) 0.0376± 0.0467± 0.0083
(8,12) (3.5,4.5) 0.0582± 0.0537± 0.0053
(8,12) (2.5,3.5) 0.0370± 0.0332± 0.0051
(12,30) (3.5,4.5) −0.0339± 0.0750± 0.0095
(12,30) (2.5,3.5) −0.0333± 0.0309± 0.0040
(8,30) (2.2,2.5) −0.0351± 0.0485± 0.0059
Table 5
Values of ωi determined from simulation and ωdatai extracted from data using B
0 →
J/ψK ∗0 decays in two different binning schemes. The ωi values and the difference 
between ωi and ωdatai values are used to determine the integrated results and to 
evaluate the related systematic uncertainties, respectively.
pT (GeV/c) η ωi ωdatai
(4,7) (3.7,4.5) 0.1698± 0.0008 0.1946± 0.0025
(4,7) (3.0,3.7) 0.2432± 0.0009 0.2396± 0.0036
(4,7) (2.5,3.0) 0.2222± 0.0009 0.1976± 0.0051
(7,12) (3.7,4.5) 0.0662± 0.0006 0.0789± 0.0016
(7,12) (3.0,3.7) 0.1129± 0.0007 0.1129± 0.0045
(7,12) (2.5,3.0) 0.1150± 0.0007 0.1002± 0.0019
(12,30) (3.7,4.5) 0.0113± 0.0003 0.0160± 0.0007
(12,30) (3.0,3.7) 0.0276± 0.0004 0.0307± 0.0028
(12,30) (2.5,3.0) 0.0318± 0.0004 0.0296± 0.0025
(4,8) (3.5,4.5) 0.2667± 0.0009 0.3064± 0.0020
(4,8) (2.5,3.5) 0.4766± 0.0009 0.4644± 0.0030
(8,12) (3.5,4.5) 0.0564± 0.0005 0.0640± 0.0015
(8,12) (2.5,3.5) 0.1295± 0.0008 0.0873± 0.0019
(12,30) (3.5,4.5) 0.0175± 0.0003 0.0238± 0.0008
(12,30) (2.5,3.5) 0.0532± 0.0005 0.0541± 0.0027
where L is the integrated luminosity, σbb¯ is the bb¯ cross sec-
tion, fd(s) is the B0(s) hadronization fraction, f i is the fraction of 
B mesons produced in the i-th bin and B is the branching fraction 
of the B decay. By substituting Ni/εi from Eq. (8) into Eq. (7), the 
integrated value of AP becomes
AP =
∑
i
ωi AP,i, (9)
where ωi = f i/ ∑i f i . The values of ωi are determined using sim-
ulated events. The difference between the values of ωi predicted 
by Pythia for B0 and B0s mesons is found to be negligible, if the 
same bins in pT and η would be used. These values are also ex-
tracted from data using B0 → J/ψK ∗0 decays. In this case ωdatai is 
measured as
ωdatai =
Ni
εreci
/∑
j
N j
εrecj
, (10)
where Ni is the yield in the i-th bin and εreci is total reconstruction 
eﬃciency. The values of εreci are determined using both simulated 
events and data control samples. The values of ωi and ωdatai , sum-
marized in Table 5, exhibit systematic differences at the 10% level. 
The difference in the central value between AP(B0 → J/ψK ∗0)
calculated using either ωi or ωdatai is found to be 0.0024 using 
the B0 binning scheme, and 0.0034 using the B0s binning scheme. 
These values are assigned as systematic uncertainties for AP(B0)
and AP(B0s ). Table 6 summarizes the systematic uncertainties as-
sociated with the integrated measurements. In the ﬁrst row, the 
combined systematic uncertainties estimated in each bin, as de-
scribed in the previous section, are reported.
Using Eq. (9), the integrated measurements of AP(B0) for 
B0 → J/ψK ∗0 and B0 → D−π+ decays are found to be
224 LHCb Collaboration / Physics Letters B 739 (2014) 218–228Fig. 4. Dependence of (top) AP(B0) and (bottom) AP(B0s ) on (left) pT and (right) η. The error bars include both statistical and systematic uncertainties.Table 6
Absolute values of systematic uncertainties. The total systematic uncertainties are 
obtained by summing the individual contributions in quadrature.
Source Uncertainty
AP(B0) AP(B0s )
Combined systematic uncertainties from bin studies 0.0004 0.0048
Uncertainty on |q/p| 0.0013 0.0030
Difference between ωi and ωdatai 0.0024 0.0034
Total 0.0028 0.0066
Table 7
Values of the production asymmetry AP(B0) in bins of pT and η from B0 →
J/ψK ∗0 and B0 → D−π+ decays. The ﬁrst uncertainties are statistical and the sec-
ond systematic.
Variable Bin AP(B0)
pT (GeV/c) (4,7) 0.0033± 0.0111± 0.0028
(7,12) −0.0167± 0.0084± 0.0028
(12,30) 0.0001± 0.0130± 0.0029
η (2.5,3.0) 0.0264± 0.0161± 0.0030
(3.0,3.7) −0.0232± 0.0093± 0.0028
(3.7,4.5) −0.0203± 0.0125± 0.0021
AP
(
B0 → J/ψK ∗0)= −0.0033± 0.0096 (stat) ± 0.0028 (syst),
AP
(
B0 → D−π+)= −0.0038± 0.0124 (stat) ± 0.0029 (syst),
which lead to the average
AP
(
B0
)= −0.0035± 0.0076 (stat) ± 0.0028 (syst).
The integrated value of AP(B0s ) is
AP
(
B0s
)= 0.0109± 0.0261 (stat) ± 0.0066 (syst).
Finally, the dependencies of AP(B0) and AP(B0s ) on pT, obtained by 
integrating over η, and on η, obtained by integrating over pT, are 
shown in Fig. 4. The corresponding numerical values are reported 
in Tables 7 and 8.
Table 8
Values of the production asymmetry AP(B0s ) in bins of pT and η from B
0
s → D−s π+
decays. The ﬁrst uncertainties are statistical and the second systematic.
Variable Bin AP(B0s )
pT (GeV/c) (4,8) 0.0069± 0.0351± 0.0067
(8,12) 0.0435± 0.0283± 0.0039
(12,30) −0.0334± 0.0296± 0.0038
η (2.5, 3.5) 0.0315± 0.0342± 0.0060
(3.5, 4.5) −0.0286± 0.0412± 0.0088
8. Conclusions
The production asymmetries of B0 and B0s mesons have been 
measured in pp collisions at 
√
s = 7 TeV within the acceptance 
of the LHCb detector, using a data sample corresponding to an 
integrated luminosity of 1.0 fb−1. The measurements have been 
performed in bins of pT and η, and provide constraints that can be 
used to test different models of B-meson production. Furthermore, 
once integrated using appropriate weights for any reconstructed 
B0(s) decay mode, they can be used to derive effective production 
asymmetries, as inputs for CP violation measurements with the 
LHCb detector.
The values of the production asymmetries integrated in the 
ranges 4 < pT < 30 GeV/c and 2.5 < η < 4.5 have been determined 
to be
AP
(
B0
)= (−0.35± 0.76± 0.28)%,
AP
(
B0s
)= (1.09± 2.61± 0.66)%,
where the ﬁrst uncertainties are statistical and the second system-
atic. No clear evidence of dependences on the values of pT and η
has been observed.
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